a gengchao1988@yeah.net Keywords: coal sludge; direct reduction; titanomagnetite; desulfurization Abstract: Coal-based direct reduction followed by magnetic separation was used to produce direct reduction iron powder (DRIP) from a titanomagnetite (TTM) ore. The residual solid wastes which are called coal sludge in this paper are still discarded as waste in large quantities. To explore the feasibility of using coal sludge as reductant, two types of coal sludge, namely, TJ and SX, with different dosages were investigated. Results showed that this process can realize coal-sludge utilization, and good DRIP products were obtained. The suitable dosage of coal sludge depended on the fixed carbon content of coal sludge. TJ and SX presented a similar result in reducing the TTM ore, i.e., TTM ore was reduced to iron, ilmenite, and ferrous pseudobrookite by both TJ and SX; improved Fe recovery in DRIP was further achieved by increasing the dosages of the two coal sludge, but the increased dosage was unfavorable to Fe grade and TiO 2 content. The sulfur contained in coal sludge occurred in the form of troilite in the reduced ore. Because troilite is a nonmagnetic material, it was removed into tailings after magnetic separation. Thus, the process presented a good ability of desulfurization.
Introduction
Coal sludge, one of the by-products of coal preparation, consists of coal, dirt, and clay; it is characterized by high moisture, high content of ash and S, low calorific value, and fine particles (-74 µm>70%) [1] . Currently, apart from coal sludge with high calorific value and low S content that are used for fluidized-bed boiler to generate power, most coal sludge have not been effectively utilized. More than 1 million tons of coal sludge are produced by coal preparation plants in China every year [2] . The same situation has also occurred in other countries. But the residual solid wastes which are called coal sludge in this paper are still discarded as waste in large quantities. Large areas of land are needed to store these coal sludge, which reduces the area of usable farming land. The construction and maintenance of coal sludge disposal sites also increase the production cost of coal preparation plants. Even more problematic, coal sludge contain high content of chemical reagents after flotation process, the release of chemical reagents, such as alkaline oxides, from these storage sites could cause serious environmental pollution in soil and water [3, 4] . Therefore, the treatment and disposal of coal sludge is becoming an urgent problem on a global scale.
Recently, a significant attention has been devoted to research the production of direct reduction iron powder (DRIP) from titanomagnetite (TTM) ore by coal-based direct reduction followed by magnetic separation [5] [6] [7] [8] . In this process, the TTM ore mixed with reductant and additives is reduced to metallic iron and titanium minerals, and then the reduced ore are ground and separated by magnetic separation to produce DRIP. The DRIP product obtained with this process generally International Conference on Energy and Environmental Protection (ICEEP 2016) contains more than 90 mass% Fe and is used as a substitute for steel scrap in electric arc furnaces (EAF) for steelmaking [9] . Generally, coke, anthracite, graphite, or bitumite was used as reductant to produce DRIP in the researches, which leads to high cost. Good DRIP products (Fe grade>90%, Fe recovery>85%, and TiO 2 content<1%) were obtained with these reductants. Coal sludge has similar characteristics as coal. Therefore, coal sludge may be used as reductant instead of coal. However, the S content of coal sludge is relatively higher than that of other coal types. The sulfur content of the feed stock for steelmaking must be strictly controlled. According to research [10] , the process of coal-based direct reduction followed by magnetic separation presents a good desulfurization because a physical separation technique is involved in this process. Therefore, this process may become a novel approach to utilize coal sludge.
In the present work, a TTM ore was reduced with two coal sludge as reductant through direct reduction followed by magnetic separation process, and the feasibility of using coal sludge as reductant was investigated.
Experimental

Material
The TTM ore used was obtained from Indonesia. The size of TTM ore in the experiments were less than 1 mm and the coal sludge was 90 mass%, passing 0.074 mm.
Experimental Procedure
The TTM ore (20 g) was thoroughly mixed with additives and coal sludge (the dosage of coal sludge varied from 15 to 30 mass%). The mixture was placed in a graphite crucible. The crucible was then placed into a muffle furnace chamber at 1250 °C and then withdrawn after 60 min. The reduced ore was cooled to room temperature and ground in a rod mill. The slurry was separated in a CXG-99 Davies Magnetic Tube. The methods of grinding and magnetic separation have been described elsewhere [11, 12] .
The magnetic product obtained referred to the DRIP. The Fe grade, Fe recovery, and TiO 2 and S content in the DRIP were used to determine the feasibility of using coal sludge as reductant. The Fe recovery referred to the percentage of the total iron metal contained in the ore that was recovered in the DRIP. Fig.1 . Effects of coal sludge and dosages on the DRIP The effect of dosages of different coal sludge on the reduction of TTM ore was studied, and the variation curves are presented in Fig. 1 . As shown in Fig. 1(a) , increasing the dosage of TJ from 15% to 30% causes a sharp increase on both the Fe recovery and TiO 2 content; the Fe recovery increases from 78.59% to 98.95%, and the TiO 2 content increases from 0.65% to 1.8%. However, the Fe grade decreases from 94.44% to 89.92% with the increased dosage of TJ from 15% to 30%. The experiment data illustrate that a suitable dosage is beneficial to the separation of titanium and iron. Excessive dosage increases Fe recovery, but it is disadvantageous to the TiO 2 content and Fe grade of DRIP. Therefore, the suitable dosage of TJ is 20%. As shown in Fig. 1(b) , the changing trend of the experiment data obtained by SX is similar with that of TJ. The Fe recovery increases from 65.92% to 92.85%, the TiO 2 content increases from 0.55% to 1.05%, and the Fe grade decreases from 94.68% to 91.21% with the increased dosage of SX from 15% to 30%. The suitable dosage of SX is approximately 25%, which is higher than that of TJ. When the TJ and SX dosages are at the suitable dosages of 20% and 25%, the Fe grade of DRIP are 93.38% and 93.16%, the Fe recovery of DRIP are 91.51% and 87.18%, and the TiO 2 content in DRIP are 0.79% and 0.90%, respectively. The experimental data of DRIP obtained in this work are similar with the reported data in previous studies that used coal as reductant [6, 8] , which proves that coal sludge (i.e., TJ and SX) can be used as reductant instead of coal. As shown in Fig. 1(c) , the S content increases with the increasing dosages of TJ and SX, but the S content in DRIP obtained by the two coal sludge were both less than 0.1 mass %. The S content of the DRIP has been strictly controlled and met the requirements of S content in EAF, which indicates that the process presents a good ability of desulfurization. X-ray diffraction (XRD) patterns were used to study the effects of coal sludges on the phase transitions in the TTM ore. The mineralogical phase transformations of iron and titanium minerals caused by coal sludges are presented in Fig. 2 .
The raw ore consisted of TTM (g), ilmenite (d), and quartz (f) . When TJ is used as the reductant in the reduced ore at the suitable dosage of 20%, the diffraction peak of TTM disappears; the main phases are iron (b), ferrous pseudobrookite (a), ilmenite (d) and ulvospinel (c). When SX is used as a reductant at the suitable dosage of 25%, the phase transitions are similar with that of TJ. The results illustrate that the TTM ore can be reduced by TJ and SX, respectively.
When the dosage of SX is 25%, the peak of troilite (h) was observed, and it explains that the S contained in coal sludge occurred in the form of troilite (FeS) in the reduced ore. To fully verify the experimental data, the reduced ore obtained with different dosages of different coal sludges were studied by scanning electron microscope (SEM). (c) Distribution of sulfur in the reduced ore with 25 mass% SX Fig. 3 . SEM images and EDS results of reduced ores 1-iron; 2-titanium minerals; 3-silicate minerals The SEM images of the reduced ore with the suitable dosage of 20 mass% TJ and 25 mass% SX were showed in fig.3 (a) and fig.3 (b) . The bright phase (spot 1), gray phase (spot 2), and the black areas (spot 3) observed by the energy dispersive spectrometry (EDS) analysis are iron, titanium minerals, and silicate minerals, respectively. Fig.3 (a) and (b) show that the microstructures of the reduced ore with suitable dosage of 20% TJ and 25% SX are similar, the reduced ore surface is saponaceous, the particle size of most iron particles exceeds 30μm, there is an obvious boundary between the iron particles and titanium minerals. This boundary is beneficial to the separation of the metallic iron particles and non-magnetic titanium minerals through grinding-magnetic separation. The evidence obtained thus far supports that the coal sludge used as reductant could reduce the TTM ore and get good DRIP products.
SEM Observation
The distribution of sulfur in the reduced ore with 25% SX was observed by SEM with EDS in fig.3 (c) . Fig.3 (c) shows that most of FeS grains enclose metallic iron and a few of them are located in between two iron particles. Through grinding, these FeS particles enclosed iron particles can be liberated from metallic iron. FeS is a nonmagnetic material that falls from the tailing after magnetic separation. However, a few of FeS located in the middle of two iron particles were difficult to remove completely. Therefore, the DRIP with low S content was obtained. Moreover, the effective desulfurization of this process further proved that coal sludge with high S content such as SX can be used as reductant.
Conclusions
To develop the applications of coal sludge, the reduction of TTM ore to obtain DRIP products with two types of coal sludge was examined.
(1) According to the experimental results with different coal sludges, good DRIP products were obtained by the two coal sludges. TJ and SX presented a similar result in reducing the TTM ore. During the dosages of the two coal sludges, the suitable dosages of TJ and SX were 20 mass% and 25 mass%, respectively.
(2) Based on the XRD and SEM analyses, the TTM ore was reduced to iron, ilmenite, and ferrous pseudobrookite by the two coal sludges, respectively. Under the suitable dosages, iron particles were big enough, the boundary between the iron particles and titanium minerals was obvious, which was beneficial to the separation. 3) The S contained in the coal sludges occurred in the form of FeS in the reduced ore. As a nonmagnetic material, FeS was removed from the DRIP after the magnetic separation, and the DRIP with low content of S was obtained.
